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Targeted sequencing for hereditary breast and ovarian
cancer in BRCA1/2-negative families
reveals complex genetic architecture and phenocopies
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Summary
Approximately 20% of breast cancer cases are attributed to increased family risk, yet variation in BRCA1/2 can only explain 20%–25% of

cases. Historically, only single gene or single variant testing were common in at-risk family members, and further sequencing studies

were rarely offered after negative results. In this study, we applied an efficient and inexpensive targeted sequencing approach to provide

molecular diagnoses in 245 human samples representing 134 BRCA mutation-negative (BRCAX) hereditary breast and ovarian cancer

(HBOC) families recruited from 1973 to 2019 by Dr. Henry Lynch. Sequencing identified 391 variants, which were functionally anno-

tated and ranked based on their predicted clinical impact. Known pathogenic CHEK2 breast cancer variants were identified in five

BRCAX families in this study. While BRCAX was an inclusion criterion for this study, we still identified a pathogenic BRCA2 variant

(p.Met192ValfsTer13) in one family. A portion of BRCAX families could be explained by other hereditary cancer syndromes that increase

HBOC risk: Li-Fraumeni syndrome (gene: TP53) and Lynch syndrome (gene:MSH6). Interestingly, many families carried additional var-

iants of undetermined significance (VOUSs) that may further modify phenotypes of syndromic family members. Ten families carried

more than one potential VOUS, suggesting the presence of complex multi-variant families. Overall, nine BRCAX HBOC families in

our study may be explained by known likely pathogenic/pathogenic variants, and six families carried potential VOUSs, which require

further functional testing. To address this, we developed a functional assay where we successfully re-classified one family’s PMS2VOUS as

benign.
Introduction

Breast cancer remains the most common cancer diagnosed

among women and is a leading cause of cancer-related

death across all races and ethnicities,1 representing a crit-

ical public health challenge. Having a relative with breast

cancer raises an individual’s risk for developing the disease

by as high as 5.7-fold over the course of a lifetime.2,3

Approximately 20% of breast and ovarian cancers are fa-

milial, signifying the presence of underlying genetic risk

factors; however, only 20%–25% of hereditary breast and

ovarian cancer (HBOC) cases have inherited mutations in

BRCA1 [MIM: 113705] or BRCA2 [MIM: 600185].4–8 While

BRCA1/2 are the most common targets for clinical

sequencing in suspected HBOC cases, these are not the

only known genetic risk factors.9,10 A current leading cause

of breast cancer diagnoses is CHEK2 [MIM: 604373] muta-

tions.11,12 Of note, CHEK2 mutations contribute an addi-

tional 20%–40% increased risk for breast cancer during

one’s lifetime. On a molecular level, CHEK2 is intercon-

nected with both TP53 [MIM: 191170] and ATM [MIM:
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607585], creating the ATM-CHEK2-p53 axis. This axis is

required for key cellular mechanisms, such as responses

to DNA damage.11 Mutations in both ATM13 and TP5314

also carry increased risks for breast cancer, as do mutations

in additional genes involved in other DNA damage repair

responses, like mismatch repair (MMR).15 Many of these

genes define well-described hereditary cancer conditions

like Lynch syndrome (LS) [MIM: 120435, 609310,

613244, 614337, 614350]16 and Li-Fraumeni syndrome

(LFS) [MIM: 151623].17 Yet, the genetic architecture of

HBOC is still not well understood in many HBOC

cases.18–20 Early screening and prophylactic measures,

such as a bilateral mastectomy, have proven to be success-

ful in significantly decreasing (%90%) the incidence of

breast cancer diagnoses in known BRCA1/2 mutation car-

riers.21 Although several other hereditary cancer suscepti-

bility genes have been identified, protocols have not

been well established for interpreting risk in BRCA muta-

tion-negative (BRCAX) individuals and families related to

secondary cancers, family planning, early surveillance,

and prophylactic measures.
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In this study, we performed targeted sequencing of 28

high-risk cancer genes using a custom molecular inversion

probe (MIP) gene panel in 134 HBOC families from

the Lynch Memorial Biobank. While whole-genome

sequencing is becoming more accessible over time, MIPs

provide an inexpensive, accurate, and scalable approach

for the identification of high-risk variants in potential

HBOC families and have been used across a variety of dis-

ease contexts.22–26 Combined with the deep clinical power

of our biobank, we (1) describe previously undefined

HBOC risk, (2) identify novel HBOC risk variants, and (3)

resolve the functional impact and penetrance of VOUSs.

Eight BRCAX families could be resolved by known patho-

genic mutations in other known HBOC genes. Through

segregation analysis, we identified a BRIP1 VOUS in one

family that is likely pathogenic. Several families carried

one or more VOUSs. To examine VOUSs further, we devel-

oped an assay for testing the direct functional impact of a

PMS2 [MIM: 600259] VOUS present in one family with sig-

nificant clinical evidence of LS. Our data led to the surpris-

ing re-classification of this variant as benign, in agreement

with our pedigree cosegregation analysis. In the future, this

assay may be more broadly applied to test additional

VOUSs. Still, many of the families in this study remain un-

defined by variants in known HBOC risk genes, suggesting

that there is still much work to be done in hereditary can-

cer genetic risk discovery.
Materials and methods

Research participants
Human samples were obtained from the LynchMemorial Biobank

under Creighton IRB protocol #1185786-1 (approved 6 November

2018). These individuals were drawn from suspected HBOC fam-

ilies recruited for research studies and biobanked from 1973 to

2019. HBOC risk was previously determined by Dr. Henry Lynch

through deep pedigree analysis. For this study, we included only

families that (1) had two or more individuals diagnosed with

breast or ovarian cancer and (2) had previously tested negative

for BRCA variants under a research or clinical protocol. Stored

DNA extracted from either blood or saliva samples, cancer diagno-

ses, and family pedigrees were provided de-identified to the

research team.

Gene selection and MIP design
MIP probes were designed to span all RefSeq exons plus 10 base

pairs of flanking introns for 31 candidateHBOC risk genes (Table 1)

using the MIPGEN design tool27 and the hg19 reference genome

(e.g., BRCA2 shown in Figure S1). In total, 1,855 MIP probes

were synthesized by Integrated DNA Technologies (IDT)

(Table S1) for targeted capture.

MIP capture, amplification, and sequencing
The MIP protocol was performed as previously published.28 In

brief, column-synthesized MIPs were initially pooled at equal ra-

tios (13) with a probe:DNA ratio of 800:1. DNA capture was per-

formed over 22 h, followed by PCR amplification to add individual

barcode tags (Table S2) to each sample. Protocol optimization was
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performed on an Illumina MiSeq instrument at Creighton Univer-

sity using a 150 base-pair paired-end protocol (300 cycles; V2

chemistry). Empirical rebalancing of the MIPs was used to further

improve capture uniformity (Table S3). All experimental samples

captured using this final MIP pool were sequenced (N ¼ 384 per

run) at the University of Nebraska Medical Center Genomics

Core facility on an Illumina NextSeq 500 MidOutput 300 cycle

V2 flowcell.
MIP data analysis
MIP data were analyzed using the MIPGEN27 data analysis tools

andmapped to the hg19 human reference genome. Variant calling

was performed using Freebayes v1.1.0-3-g961e5f3 onmapped bam

files. High-quality variants (depth >83; quality score >20) were

annotated using the Ensembl Variant Effect Predictor tool

(GRCh37 release 110).29 Variants were compared with both

gnomAD v2.1.1 (https://gnomad.broadinstitute.org/) and the

COSMIC databases (http://cancer.sanger.ac.uk/cosmic). Addi-

tional manual annotation of variants was performed using

ClinVar30 and potential pathogenic risk was ranked using these

criteria.
Validation of variants
Potential risk variants were PCR amplified using variant-spanning

primers (IDT) and 23 PCR Master Mix (Roche). Reactions were

either (1) treated with ExoSAP-IT (Thermo Fisher Scientific) and

Sanger validated at the University of Nebraska Medical Center Ge-

nomics Core facility or (2) cleaned up with 1.83 Ampure XP beads

(Beckman Coulter), eluted in nuclease free water, and Sanger

sequenced at Genewiz/Azenta.
PMS2 functional assay
The human HAP1 haploid cell line (Horizon Discovery) was

cultured in IMDM (Gibco) supplemented with 10% fetal bovine

serum (Gibco) in a 37�C incubator with 5% CO2 and used to

generate a PMS2 knockout (KO) clonal cell line using CRISPR-

Cas9 technology. A CRISPR guide RNA was designed to exon 7

of the predominant PMS2 transcript (NM_000535.7), an exon

shared across all annotated PMS2 transcripts. The AltR gRNA/

tracRNA/Cas9 complex (IDT) was electroporated (Neon, Invitro-

gen) into the wild-type (WT) or parental HAP1 cell line to intro-

duce insertions and/or deletions at the target site. Limiting dilu-

tion was used to isolate an isogenic HAP1 cell line carrying a

protein-disruptive variant (frameshifting or nonsense) confirmed

by Sanger sequencing (Genewiz/Azenta). Absence of PMS2 protein

expression in the KO line was further validated by western blot.

The PMS2 NM_000535.7 coding sequence was cloned into a

Gateway entry plasmid (Invitrogen) and recombined into the

pCW57.1 lentiviral vector (Addgene) using a Gateway LR reaction

(Invitrogen). Q5 site-directed mutagenesis (NEB) was performed

on the PMS2-pCW57.1 plasmid to generate PMS2 variants of inter-

est. PMS2-pCW57.1 constructs were packed into lentiviral parti-

cles produced by transient transfection of 293T cells using

PolyJet transfection reagent as directed by the manufacturer

(SignaGen Laboratories) using a 2.5:2.5:1 ratio of pCW57.1

plasmid, psPAX2 packaging vector, and pMD2.G VSVg envelope

expression vector (Addgene). After transfection, each supernatant

was collected twice at 24-h intervals (48 h total) and combined. Af-

ter the second collection, the viral supernatant was clarified by

centrifugation at 4,5003g for 5 min, aliquoted, and stored at

�80�C. These were used for a MMR functional assay as previously

https://gnomad.broadinstitute.org/
http://cancer.sanger.ac.uk/cosmic


Table 1. Target genes

Risk gene Associated cancer(s)

BRCA1, BRCA2, RAD51C, RAD51D, CHEK2,
PALB2, ATM, NBN, CDH1, BRIP1, and RAD50

breast and ovarian

MLH1, MSH2, MLH3a, MSH6, PMS1a,
PMS2, EPCAM, and RINT1

endometrial, colorectal, ovarian, stomach, small intestinal,
pancreatic, kidney, brain, and bile duct

BARD1, ABRAXAS1, FANCC, and XRCC2 breast

TP53 osteosarcoma, soft-tissue sarcoma, leukemia, brain
(CNS), adrenal cortex, and breast

PTEN breast, thyroid, and endometrial

APC brain, colorectal, desmoid, gastric, hepatoblastoma, thyroid, and breast

STK11a breast, skin, pancreatic, and testicular

MRE11 breast, ovarian, bladder, colorectal, and rectal

NF1 peripheral nerve sheath, CNS, breast, pheochromocytoma,
gastrointestinal, fibrous histiocytoma, and thyroid

CDKN2A melanoma, pancreatic, and breast

PIK3CA breast, lung, ovarian, stomach, brain, colorectal, and rectal

aGenes were not included in the final capture design due to poor performance during optimization.
described31 with the following revisions. Briefly, 750 mL viral su-

pernatant (with 8 mg/mL polybrene) was added to approximately

53 106 cells seeded into two tissue-culture treated 100-mm dishes

(Falcon). After 48 h, the media was replaced with media contain-

ing 1 mg/mL G418 (Roche) for 2 weeks. To turn on PMS2 expres-

sion (from the integrated PMS2-pCW57.1 cassette), doxycycline

(1 mg/mL; Sigma) was added to cells seeded at 33 105 in T25 flasks;

media with doxycycline was replaced every 24 h. After 72 h, cells

were re-seeded in media with either 6-thioguanine (6-TG; 5 mM) or

with a vehicle (media only) control at a cell density of 33 104 into

12-well plates for MMR selection. After 72 h, cell supernatants

were collected, adherent cells were trypsinized, and cell solutions

were combined to seed triplicate wells of each treatment condition

into white, opaque 96-well half well plates (PerkinElmer). An

equal volume,15 mL, of cell solution and CellTiter-Glo buffer was

added to each well to measure cell viability. Cell viability data

were normalized first to the 0 h time point to control for variability

in cell growth and then for doxycycline treatment. Finally, 6-TG

treatment data were compared with the 6-TG vehicle control.

Data were analyzed using a one-way ANOVA followed by post

hoc Tukey’s multiple comparisons tests with GraphPad Prism 9.

Data are presented as means of at least three independent experi-

ments (each measured in technical triplicate 5 SEM).

MMR functional assay of Epstein-Barr virus-transformed

lymphocyte lines
Epstein-Barr virus (EBV)-transformed lymphocyte cell lines were

retrieved from the Lynch Memorial Biobank. These samples were

previously generated from blood samples collected from research

participants. Lymphocyte cell lines were cultured in RPMI 1640

medium (Gibco) supplemented with 10%–15% fetal bovine serum

(Gibco) and 13 penicillin-streptomycin (Gibco) in a 37�C incu-

bator with 5% CO2. Three slow-growing individual lines were

additionally supplemented with 13 insulin-transferrin-selenium

(Gibco). Cell lines were tested routinely for mycoplasma, and all

tests were negative.

The same PMS2 functional assay described above was used with

the lymphocyte lines with the following modifications. Cells were
Hu
seeded at 5 3 105 in 12-well plates in media with either 6-TG

(15 mM) or vehicle (media only) for MMR selection. After 72 h,

cells were re-suspended and re-seeded into triplicate wells of white,

opaque 96-well half-well plates (PerkinElmer). An equal volume of

cell solution and CellTiter-Glo buffer (15 mL) was added to each

well for cell viability testing. Cell viability data were normalized

first to the 0 h time point and then to the vehicle control. Data

were analyzed using an unpaired t test with GraphPad Prism 9.

Data are presented as means of at least three independent experi-

ments (each measured in technical triplicate 5 SEM).
Western blotting
Approximately 5 3 106 cells were collected and lysed using RIPA

lysis buffer (Thermo Scientific) with Halt protease inhibitor cock-

tail (Thermo Fisher Scientific). Lysates were quantified using the

Pierce Rapid Gold BCA Protein Assay (Thermo Fisher Scientific).

Five micrograms of denatured lysates were separated on 4%–20%

MP TGX stain-free gels (BioRad) at 200 V for 30 min. Gels were

transferred to mini polyvinylidene fluorise membranes using the

Trans-Blot Turbo Transfer System (BioRad) and blocked with

EveryBlot Blocking buffer (BioRad). Blots were probed with a

1:1,000 dilution of mouse anti-PMS2 (BD Biosciences, A16-4) anti-

body or a 1:20,000 dilution of rabbit anti-GAPDH (Abcam,

ab181602) antibody followed by a 1:20,000 dilution of goat

anti-mouse IgG H&L HRP (Abcam, ab205719) or a 1:10,000 dilu-

tion of goat anti-rabbit IgG H&L HRP (Abcam, ab205718) second-

ary antibody, respectively. Blots were visualized using Clarity

Western ECL substrate (BioRad) on a ChemiDoc Touch (BioRad).
Results

Multi-gene-targeted sequencing identifies high-risk

variations in BRCAX families

Under the hypothesis that a portion of BRCAXHBOC cases

can be explained by inherited coding mutations involving

high-risk cancer genes other than BRCA1/2, we designed a
man Genetics and Genomics Advances 5, 100306, July 18, 2024 3



Table 2. Individual samples tested from BRCAX families

Aff with Br/Ov Aff with other Unaffa

BRCAX family members (n ¼ 134 families) 149 24 72

Aff, Cancer diagnosis; Unaff, unaffected; Br/Ov, breast or ovarian cancer; Other, any other cancer diagnosis (not Br/Ov).
aNo cancer diagnosis at time of last contact.
targeted sequencing strategy to simultaneous and inexpen-

sively sequence all the coding regions of 31 high-risk breast

and ovarian cancer genes (Table 1) using MIPs. While all

probes were initially tested at equimolar concentrations

(13), increasing the concentration of all moderate- and

poor-performing MIPs (n ¼ 382) to 303 improved overall

capture uniformity (Figure S2). Poor MIP performance

across MLH3 [MIM: 604395], PMS1 [MIM: 600258], and

STK11 [MIM: 602216] prompted removal of these genes

from the final capture design, resulting in a total of 28

target genes. In total, we captured 245 participant samples

representing both cancer positive (n ¼ 173) and negative

(n ¼ 72) individuals from 134 BRCAX families (Tables 2

and S4).

Sequencing identified 1,144 variants that were reduced

to 391 when limited by threshold depth and quality

(depth > 8; quality > 20) across all samples. Filtered out

variants were more likely attributed to low sequencing

depth (Figure S3, and Table S4) across many samples rather

than issues of sequencing quality. Of the 391 variants, 235

survived further filtering criteria at the level of at least one

individual sample. These were considered the highest qual-

ity variants (evidence ¼ high) (Table S5); however, lower

quality variants were retained (evidence ¼ low; n ¼ 156)

(Table S5) for validations where warranted. All 391 variants

were annotated using the Ensembl Variant Effect Predictor

tool.29 As expected, given the exon-targeted capture

design, many variants were predicted to be protein coding

(Figures 1A–1C, and Table S5). Coding variants (nonsense,

frameshifting, missense, and splice) were further binned

based on their disease-causing potential to identify poten-

tially pathogenic variants. This was based on a combina-

tion of prediction algorithms and ClinVar data.

Known pathogenic variants in TP53 [MIM: 191170],

CHEK2, BRCA2, RAD50 [MIM: 604040], RAD51C [MIM:

179617], and MSH6 [MIM: 600678] were identified among

this collection (Table S6). Predicted high-risk coding vari-

ants (nonsense, frameshifting, or splice) were also identi-

fied in ATM [MIM: 607585], BRCA2, and RINT1 [MIM:

610089]. Only one of these variants—a nonsense variant

in BRCA2 (ENST00000544455.1:c.9976A>T; ENSP0000

0439902.1:p.Lys3326Ter)—has been extensively studied

(rs11571833). While identification of this variant in non-

cancer populations prompted an initial likely benign clas-

sification, more recent work suggests that this variant may

indeed be associated with some level of breast cancer

risk.32 For the remaining variants, we manually inspected

the sequencing quality of each using the Integrated Geno-

mics Viewer (Broad Institute) and mined the literature for

data supporting potential pathogenicity (Table S6).
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Twenty-four variants had data supporting a potential

VOUS clinical classification. These variants were in

the following genes: ATM, BRIP1 [MIM: 605882], CDH1

[MIM: 192090], CHEK2, FAM175A [MIM: 611143], FANCC

[MIM: 613899], MLH1 [MIM: 120436], MRE11A [MIM:

600814], NF1 [MIM: 613113], PMS2, RINT1, TP53, and

XRCC2 [MIM: 600375]. All suspected pathogenic and

VOUS variants were Sanger validated (Table S7). For each

family with a validated variant, all other available family

members were also tested by Sanger sequencing (Table S8).

Known breast cancer variants and hereditary cancer

syndromes resolve a portion of BRCAX families

CHEK2

Five families in this study—families 015, 044, 080, 084,

and 107—carried the same pathogenic CHEK2 frameshift-

ing variant (ENST00000382580.2:c.1229del; ENSP00000

372023.2 p.Thr410MetfsTer15). Families 015 (Figure 2A)

and 107 (Figure 2B) carried only this variant. Among white

women of northern European descent, this variant (also

known as CHEK2*1100delC) has been estimated as present

in 1.5% of familial breast cancer cases and is associated

with a 24% increased lifetime risk for developing breast

cancer.33 Of the CHEK2*c.1100delC families, three carried

additional pathogenic or VOUS variants (084, 044, and

080) that may have contributed to additional cancer risk.

The breast cancer affected proband (III-4; diagnosed at

age 40) in family 080 (Figure 2C) carried both the frame-

shifting variant in CHEK2 (ENST00000382580.2:c.1229-

del) and a private 30 UTR variant in BRIP1 (NC_0000

17.10:g.59756617A>T). This BRIP1 variant has been re-

ported on ClinVar twice: once with a likely benign and

once with a VOUS classification (VCV000891958.7). How-

ever, we were unable to assess their cosegregation with can-

cer in this family, as only the proband sample was available

for testing. It is interesting that CHEK2 and BRIP1

converge on BRCA1 suggesting the combination of these

two intermediate penetrance variants could compound

HBOC risk.34 Given the breast cancer diagnosis at age 56

in the proband’s mother (II-3), the HBOC genetic risk is

suspected to have derived from that lineage. In family

044 (Figure 2D), the CHEK2 variant was identified in an

affected sister (III-4; diagnoses of skin cancer at 54, colo-

rectal cancer at 66, and breast cancer at 70) of the affected

proband (III-1) and one of their shared affected nieces (IV-

18; diagnosed with breast cancer at 51). Another sister of

the proband (III-7; diagnosed with skin cancer at 56) car-

ried a 30 UTR variant in TP53 (NC_000017.10:g.75717

52T>G) that is predicted to be likely benign on ClinVar

(VCV000035555.22).30 Importantly, no one in this family



Figure 1. Variant summary
(A) Identified variants limited by depth and
quality filtering.
(B and C) High-quality variants (n ¼ 235/
391) binned by predicted functional impact.
Data shown as the total number of variants
(B) and variant type by percentage (C) by
gene.
carried both variants. TheCHEK2 variant cosegregates with

the HBOC phenotype with expected moderate penetrance,

whereas the TP53 variant may have been introduced from

a different founder and may contribute to risk. Family 084

will be discussed further later.

A different CHEK2 variant (ENST00000382580.2:c.14

12C>T; ENSP00000372023.2:p.Ser471Phe) was identified

in family 089 (Figure 2E). This variant has been associated

with approximately a 2-fold increased risk (odds ratio,

2.13; 95% confidence interval, 1.26–3.69; p ¼ 0.004) of

breast cancer among individuals of Ashkenazi Jewish

ancestry.35 Functional studies have shown this variant re-

sults in protein loss of function.35,36 The relative increased

frequency of this variant among cancer cases versus unaf-

fected controls and its segregation among hereditary can-

cer families all suggest that it is a pathogenic, low-pene-

trance variant.35,36 Only the female proband (IV-5) had a

DNA sample available for testing in this family. She was

diagnosed with breast cancer at age 25, skin cancer at an

unknown age, and an unknown cancer at age 43

(Figure 2E). Her mother (III-5) was diagnosed with breast

cancer at age 48, as were the proband’s maternal aunt

and grandmother (III-1, II-1) at unknown ages, suggesting

this risk variant was likely inherited through the maternal

lineage. Historic clinical records for this family confirmed

evidence of Ashkenazi Jewish ancestry. Taken together,

we conclude that this is likely a primary genetic risk factor

for breast cancer in this family.

BRCA2

The most surprising finding was a known pathogenic

BRCA2 variant (ENST00000544455.1:c.573_574del; ENSP

00000439902.1:p.Met192ValfsTer13) seen in family 066

(Figure 3A). The variant was identified in the proband

(IV-1), who was diagnosed at age 16 with ovarian cancer

and breast cancer at 32. While no samples were available
Human Genetics and Gen
for other members of the family, the

proband’s mother (III-1) was diagnosed

with breast cancer at age 37. The

maternal grandmother and great-

grandmother both had a history of

ovarian cancer (II-1, I-1). Limited pedi-

gree information suggested an auto-

somal-dominant, highly penetrant

variant. This is consistent with our

BRCA2 finding.

TP53

Cancer diagnoses in family 018 could

be explained by a known pathogenic
variant in TP53 (ENST00000269305.4:c.586C>T; ENSP000

00269305.4:p.Arg196Ter), which defines another heredi-

tary cancer syndrome, LFS (Figure 3B). Classic LFS is char-

acterized by osteosarcomas, soft tissue sarcomas, acute leu-

kemia, brain cancer, and adrenal cortical tumors. LFS

breast cancer risk ranges from 54% to 85%.37 Some pedi-

grees also present with melanomas, Wilms’ tumor (kidney

cancer), gastrointestinal, and lung and germ cell can-

cers.38,39 Indeed, the proband (III-1) in this family pre-

sented with pancreatic cancer at age 37. His mother (II-1)

was affected with breast cancer at age 41, two brothers

with leukemia at 32 and 17 years of age (III-3, III-4), and

a sister (III-8) with breast cancer at age 24 and an undefined

cancer type at an unknown age. Two of the proband’s five

biological children (IV-2, IV-5) were also affected by can-

cers as infants (consistent with LFS). The only family mem-

ber who provided a DNA sample was the proband’s

affected sister (III-8), where the pathogenic TP53 variant

was identified and validated (Figure 3B).

False positives and negatives

The pathogenic variant in RAD51C (ENST00000337432.

4:c.97C>T; ENSP00000336701.4:p.Gln33Ter) identified

in an unaffected family member of family 075 proved to

be a false positive by Sanger sequencing. This was surpris-

ing, given theMIP sequencing read support for this variant

(ALT 5/14 reads), suggesting that this variantmay be due to

a clonal hematopoiesis of indeterminate potential or a his-

toric sample labeling error. The CHEK2 variant (ENST000

00382580.2:c.1412C>T; ENSP00000372023.2:p.Ser471Phe)

identified in family 025 was also a false positive; however,

this was a low evidence call, with poor read support (1/8

reads for the ALT allele) (Table S6), suggesting this was

due to PCR or sequencing error. The pathogenic RAD50

insertion/deletion variant (ENST00000265335.6:c.2165

del; ENSP00000265335.6:p.Lys722ArgfsTer14) identified
omics Advances 5, 100306, July 18, 2024 5



Figure 2. Families identified with CHEK2 pathogenic mutations
(A–D) Family pedigrees carrying the CHEK2*c.1100delC variant (E) Family pedigree carrying a CHEK2 c.1412C>T variant. Cancer types:
Bn, brain; Br, breast; Col, colorectal; Cvx, cervix; Lng, lung; Oth, unknown source; Pro, prostate; Skn, skin; Stm, stomach; Utr, uterine.
in 34 individuals in the collection also proved to be a false

positive by Sanger sequencing. This variant falls within a

poly-A tract that caused poor sequencing and mapping

quality, likely contributing to the false-positive signal.

These results highlight the critical importance of orthog-

onal Sanger sequencing validation. Our validation rate is

consistent with previous MIP studies.23,28

Highly variable DNA quality and preparations among

these historic samples (aged anywhere from 15 to 40 years)

likely contributed to low sequencing depth (Figure S3) and

false negatives in this study. These challenges also pre-

cluded copy number variant analyses. Unfortunately, our

false-negative rate could not be formally evaluated, as

none of the families in the study carried a confirmed

research or clinical variant in any of the target genes. Addi-

tional sequencing in families void of variants in this study

is warranted.

VOUS variants may describe a portion of families

RINT1

Three families carried a single variant in RINT1. A

nonsense VOUS in RINT1 (ENST00000257700.2:c.

2361G>A; ENSP00000257700.2:p.Trp787Ter) was identi-

fied in the proband of family 076 (Figure S4A). This

VOUS was predicted to have a high functional impact

with a Combined Annotation Dependent Depletion

(CADD) score of 44. Three submissions on ClinVar
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(SCV003807679.1, SCV002735756.2, SCV000940575.6)

have all reported this variant as a VOUS. The female pro-

band (IV-1) was diagnosed with breast cancer at age 44

and her daughter (V-1) with thyroid cancer at age 22.

The only DNA samples available for testing in this family

were the proband, her affected daughter, and the biological

father of this offspring. The RINT1 variant was not present

in the cancer-affected child of the proband nor the child’s

father (IV-2). The proband’s sister was also diagnosed with

breast cancer at age 31 (IV-5). Additional pedigree analysis

revealed the proband’s maternal grandmother (II-3) was

also diagnosed with breast cancer at age 59, as were the

grandmother’s sister and niece (ages of diagnoses un-

known), which suggested the risk allele was likely derived

from this lineage. However, absence of the RINT1 variant

in the cancer-affected child of the proband suggest addi-

tional risk variants may be present in this family.

Two independent missense RINT1 variants were also

identified in families 028 (ENST00000257700.2:c.376C>T;

ENSP00000257700.2:p.His126Tyr; Figure S4B) and 021

(ENST00000257700.2:c.41C>T; ENSP00000257700.2:p.

Pro14Leu; Figure S4C), respectively. The p.His126Tyr

variant has been observed in 0.09% of cancer cases and

0.07% of controls across two previous studies.40 There

are only two submissions on ClinVar for this variant,

one likely benign (SCV002623211.1) and one VOUS

(SCV000551653.7). For this study, DNA was available



Figure 3. Families with known pathogenic variants defining hereditary cancer syndromes
(A) Family identified with BRCA2 c.573_574del variant. Pedigree supports a highly penetrant autosomal dominant pattern of
inheritance.
(B) Family identified with TP53 c.586C>T variant. The variant is pathogenic and associated with LFS. Proband is an affected non-carrier.
Cancer types: Br, breast; Kid, kidney; Leu, leukemia; Oth, unknown source; Ov, ovarian; Pan, pancreatic.
from two affected and two unaffected members of family

028. The variant was validated in the unaffected proband

(III-2) (Figure S4B) and her unaffected father (II-2), but

was not present in her breast cancer-affected mother

(II-1), maternal aunt (II-3), or maternal grandmother (I-1)

who was diagnosed with cervical (age 47) and lung (age

77) cancers (sample unavailable for I-1). Additional pedi-

gree analysis showed a significant family history of cancers

in the proband’s paternal lineage, including endometrial

and both female and male breast cancers, consistent with

RINT1-associated cancer risks.40,41 While it is possible

that this is a modifier variant, the inheritance pattern of

the variant in this family supports a likely benign variant

classification. For the p.Pro14Leu variant, this variant

was observed in 0.05% of breast cancer cases and 0.1% of

controls in a previous study.40 Reports on ClinVar for

this variant include one likely benign (SCV002626673.1)

and two VOUS (SCV002011404.3, SCV000551662.7) clas-

sifications. This variant was not present in the proband

(II-1) (diagnosed with breast cancer at age 61) of family

021 (Figure S4C), but was validated in his breast cancer-

affected younger sister (II-8) (diagnosed at age 46) and their

mother (I-1), whowas diagnosed with skin cancer at an un-

known age. Given the lack of cancer-unaffected DNA sam-

ples for this family, we cannot rule out this VOUS as a risk

factor. However, we can confidently say that it did not

contribute to the cancer diagnosis of the proband.

ATM

We identified three potentially interesting missense vari-

ants in ATM in this study. ATM is a major factor in the

signaling pathway required for the DNA double-strand

break (DDSB) damage response.42 The first ATM variant

(ENST00000278616.4:c.8734A>G; ENSP00000278616.4:

p.Arg2912Gly) was identified in family 132 (Figure S5A).
Hu
This variant has been reported on ClinVar 16 times in

the context of cancer (RCV000131723.27, RCV00119

6874.15, RCV001355184.9, RCV003492518.1). The most

recent of these reports from 2023 all report this as a

VOUS (SCV000292188, SCV004206344, SCV004239605).

The proband (III-1) was the only member of this family

with a DNA sample available and was diagnosed with

ovarian cancer at age 46 with clinical evidence of historic

endometriosis. Her father (II-2) was diagnosed with skin

cancer at age 36 and then again several decades later; how-

ever, no other family history was available for the paternal

lineage. The p.Arg2912Gly variant has been observed

among individuals with cancer.43–49 Human lymphocytes

carrying this variant showed an altered ability to phos-

phorylate specific downstream targets, suggesting at least

a partial loss in kinase activity.50 Based on this evidence,

we cannot rule out this variant’s impact on this family’s

risk of cancer.

The second ATM missense variant (ENST000002786

16.4:c.6293T>C; ENSP00000278616.4:p.Leu2098Pro) was

the only variant identified in family 065 (Figure S5B).

This variant was predicted to be probably damaging by

PolyPhen and had a CADD score of 26.5. All eight reports

on ClinVar classify this variant as a VOUS (VCV000

135766.33). However, there are conflicting interpretations

as to whether this variant has an impact on protein struc-

ture and function. This variant was observed in an individ-

ual with breast cancer in another hereditary gene panel

study.51 Only twoDNA samples were available for this fam-

ily, the proband (II-1) (diagnosed with breast cancer at age

64 and ovarian cancer at 66) and the proband’s oldest

daughter (III-1) (diagnosed with breast cancer at age 40).

The ATM variant was validated in the daughter, but was

not present in the proband. While several of the proband’s
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siblings (II-3, II-9, II-5, II-14) were affected by pancreatic,

lung, and brain cancers, the ATM variant was not likely

derived from this lineage and, therefore, does not explain

the extended family’s cancer risk.

The third ATM missense variant (ENST000002786

16.4:c.1703G>T; ENSP00000278616.4:p.Arg568Ile) was

confirmed in family 041. In the context of cancer, this

variant has been reported six times on ClinVar

(RCV000129176.18, RCV000515396.8, RCV001357003.5).

While three reports in the context of hereditary cancer-

predisposing syndrome predict this variant to be likely

benign (RCV000129176.18), two reports in the context

of ataxia-telangiectasia syndrome familial cancer of breast

predict this to be a VOUS (RCV000515396.8). For this fam-

ily, additional variants were identified and are described in

further detail later.

TP53

Family 073 (Figure S6A) carried a 30 UTR variant in TP53

(ENST00000269305.4:c.*1175A>C, rs78378222); this

same mutation was also identified in families 011 and

051. This variant has been implicated in several studies

as a low-penetrance risk factor in LFS and cancer.52–54 In

ClinVar, this variant has been reported in the context of

LFS twice (RCV000412103.10) and in the context of hered-

itary cancer-predisposing syndrome twice (RCV0004

92363.7). Under both diseases, there is both a benign/

likely benign and a VOUS classification. While the pro-

band (III-1) of family 073 (diagnosed with breast cancer

at age 43) was not available for genetic testing, this variant

was found in two of her three siblings (III-3, III-5) (one sis-

ter diagnosed with lobular breast cancer at age 44 and

another sister that was unaffected). The third sister

(III-7), who was also unaffected, did not carry this variant.

The father (II-2) of these four females was diagnosed with

an undefined cancer at age 72 and the mother (II-3) with

lobular breast cancer at age 57. There were no other cancers

of note in the extended family pedigree. While it is

possible that this variant contributes to the development

of breast cancer, its segregation among unaffected and

affected individuals in this pedigree support a low pene-

trance or even benign impact, further supporting the

ClinVar likely benign designations.

FANCC

Family 048 carried a 30 UTR variant (ENST000002890

81.3:c.*1483T>C) in FANCC (Figure S6B). This variant

has not been reported on ClinVar in the context of cancer

(VCV000367585.5). The proband (III-6), who had a breast

cancer diagnosis at age 40, was the only DNA sample avail-

able for this family. However, her family history revealed a

wide variety of other cancers likely derived from a pater-

nally inherited risk factor. The proband’s youngest sister

(III-9) was diagnosed and succumbed to leukemia at age

21 and their father (II-5) had a history of bladder, kidney,

and skin cancers (at ages 62, 62, and 71, respectively).

His brother (II-1) was also diagnosed with skin cancer at

age 75 and his sister (II-3) with ovarian cancer at age 55.

Nieces from both of those lineages were diagnosed with gy-
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necological cancers between the ages of 39 and 42 (III-1,

III-4). We noted several other extended relatives in this

pedigree with gastrointestinal, blood, and gynecological

cancers. This variant has not been previously reported in

ClinVar to be associated with any cancer cases (only as a

VOUS for Fanconi anemia complementation group C)

[MIM: 227645]. Rates of this variant in gnomAD suggest

population frequencies of 0.05%–0.5% with no observed

homozygotes. Further, this variant lies in a non-conserved

region of the genome collectively supporting a likely

benign classification.

NF1

The proband in family 133 (Figure S6C) carried a missense

variant in NF1 (ENST00000358273.4:c.7396A>G; ENSP00

000351015.4:p.Ile2466Val). While this variant was pre-

dicted to be tolerated by SIFT and PolyPhen, it was private

in our study. This base is weakly conserved across species

and has been reported four times on ClinVar in the context

of cancer and/or neurofibromatosis (RCV000575889.4,

RCV000200710.10, RCV003390940.4, RCV000764116.2)

as a VOUS. The proband (II-1) was diagnosed with breast

cancer at age 64 and was the only member of this family

to have a DNA sample available. Pedigree analysis revealed

a brother (II-3) who died of pancreatic cancer at age 55.

Their mother (I-1) had a history of both breast and endo-

metrial cancers, while their father (I-2) was affected by

lung cancer (ages of diagnoses unknown). Of note, the pro-

band’s niece (III-17) was also diagnosed with breast cancer

at age 48 and two males, the proband’s first cousin (not

shown) and great nephew (IV-1), in the extended pedigree

were diagnosed with leukemia at ages 24 and 16, respec-

tively. While we cannot rule this variant out as a risk factor

in this family, other factors likely contributed to the exten-

sive cancer diagnoses.

MRE11A

One affected individual from family 058 (Figure S6D) car-

ried a missense variant in MRE11A (ENST00000323929.3:

c.1475C>A). We only had one available DNA sample

from this family, the proband’s daughter (IV-3) who was

affected with breast cancer at age 35. The MRE11A variant

was confirmed in this individual. There are conflicting re-

ports and predictions regarding the pathogenicity of this

variant. While PolyPhen predicted a disruptive effect,

SIFT did not. The variant has a CADD score of 22.8. Recent

ClinVar reports show an increased likelihood that this

variant is likely benign or benign in the context of cancer

(VCV000127031.58).30 While we cannot rule this variant

out as a risk factor in this family, other factors likely

contributed to cancer diagnoses.

CHEK2

The proband in family 121 (Figure S6E) carried a missense

variant in CHEK2 (ENST00000382580.2:c.1465A>G;

ENSP00000372023.2:p.Asn489Asp). SIFT and PolyPhen

characterized this mutation as likely benign, and the

variant had a CADD score of 18.55. This variant has been

reported in the context of cancer nine times on ClinVar

(VCV000126909.50) including three likely benign and



six VOUS classifications. The proband’s mother (II-2) was

diagnosed with colorectal cancer at age 56, their sister

(III-5) with ovarian cancer at age 46, another sister (III-7)

with breast cancer at age 32, and their daughter (IV-3)

with uterine cancer at age 26. However, only the proband

(III-1), an affected carrier, had a DNA sample available for

sequencing. Functional studies of CHEK2 variation have

shown this amino acid change does not likely affect pro-

tein function.55,56 While we cannot rule out this variant

as a contributing factor to cancer risk in this family, these

data support a likely benign classification.

A portion of families carry multiple VOUS variants

Two potential VOUSs were identified in family 041

(Figure S7A), a missense variant in ATM (ENST00000278

616.4:c.1703G>T; described above) and a 50 UTR PMS2

(ENST00000265849.7:c.-7T>C) variant. SIFT and PolyPhen

scores characterized the ATM variant as likely benign, and

it had a CADD score of 17.28. ClinVar contains both likely

benign andVOUSpredictions for this variant in the context

of cancer (VCV000140916.55). This variant was confirmed

in the proband’s unaffected father (III-3) and sister (IV-3)

affected with breast cancer (diagnosed at age 53). The

PMS2 variant identified was in the Kozak sequence. While

the MIP sequencing data were convincing (Figure S7B),

thehighGCcontent of this regionprevented Sanger valida-

tion. However, an abundance of clinical reports, and our

own recent study,57 suggested that this PMS2 variant was

benign or likely benign, including 8 of 10 ClinVar submis-

sions (VCV000140831.20). We conclude that neither of

these variants are the primary genetic risk factor for cancer

diagnoses in this family.

Family 033 carried both a missense VOUS in BRIP1

(ENST00000259008.2:c.2087C>T;

ENSP00000259008.2:p.Pro696Leu) and a missense VOUS

in CHEK2 (ENST00000382580.2:c.1182G>T; ENSP000003

72023.2:p.Glu394Asp). This was a very large family pedi-

gree with numerous cases of breast cancer. We limited

Figure 4 to the two branches of this tree with available

DNA for Sanger validations. The BRIP1 variant is predicted

to be damaging by SIFT and PolyPhen and had a CADD

score of 29.8. Currently, all 16 ClinVar submissions report

a VOUS classification for this variant (VCV000128167.43).

Clinical reports have observed this variant in multiple in-

dividual cases of breast cancer. As shown in this family

pedigree, this variant was isolated to a single branch and

generation of this family (second cousins of the proband),

including nine sisters and one brother. In this branch,

three sisters (IV-8, IV-9, IV-10) carried the BRIP1 mutation

and were diagnosed with breast cancer under the age of

40. One sister (IV-4) and the brother (IV-3) were not carriers

and were unaffected by cancer. One sister (IV-5) was not a

carrier, but was affected by melanoma at age 39. Only one

other individual in this 495-member pedigree was diag-

nosed with melanoma; moreover, melanoma risk has a

known strong environmental contribution (e.g., UV expo-

sure) suggesting that it may fall outside of this family’s risk

profile. The CHEK2 variant was also isolated to a single,
Hu
multi-generational branch of this pedigree that included

the proband. This variant has been classified in ClinVar

15 times (VCV000142151.32), 14 times as a VOUS, and

once as a likely pathogenic variant (SCV004221712.1).

Importantly, no individual in this pedigree carried both

variants. While the proband (III-3) was affected with skin

cancer at age 19 and breast cancer at age 67, they were

not a carrier of either variant. Within this branch, the

CHEK2 variant was found in the proband’s sister (III-4;

diagnosed with breast cancer at age 70) and one of their

shared nieces (diagnosed with breast cancer at age 41;

not shown). None of the niece’s children with an available

DNA sample (n ¼ 5 daughters) were carriers and were not

affected by cancer at last contact. The proband’s brother

(III-16) who was affected with prostate and lung cancers

(diagnosed at age 74) and nephew diagnosed with lym-

phoma at age 46 (not shown) were also carriers. At the

time of testing, no other immediate relatives of the pro-

band were carriers or were affected with cancer. We identi-

fied 18 family members who were carriers of this variant

but were unaffected with cancer (Table S8). We conclude

that the BRIP1 VOUS is likely pathogenic and a highly

penetrant risk factor for the early development of breast

cancer. Further, this variant was most likely inherited

from the married-in mother of the affected carriers, which

reflects the isolation of this variant to the single branch.

Further, the segregation of the CHEK2 variant in this fam-

ily supports a likely benign classification.

LS may explain a portion of BRCAX families

LS is the most common hereditary cancer and can include

breast and ovarian cancer diagnoses.58 We found two

prominent MMR gene mutations, in MSH6 and PMS2, in

two families, which we conclude are atypical LS presenta-

tions. The first, family 084 (Figure 5) carried two patho-

genic variants, a nonsense variant in MSH6 (ENST000

00234420.5:c.892C>T; ENSP00000234420.4:p.Arg298Ter)

and the frameshifting variant in CHEK2 (ENST000003825

80.2:c.1229del) identified in other families in this study, as

well as a missense variant in CDH1 (ENST000002617

69.5:c.808T>G; ENSP00000261769.4:p.Ser270Ala). Of the

ClinVar reports for the CDH1 variant, 12 of the 14 support

a likely benign or benign classification (VCV000142011.

30). The MSH6 and CDH1 variants were initially identified

in unaffected individual (III-7) and the CHEK2 variant in

III-1 (Table S6). Sanger sequencing confirmed that individ-

ual III-1, in fact, carried all three variants (MSH6, CHEK2,

and CDH1), and that the MSH6 variant was inherited

from the mother/proband (II-1) who was diagnosed with

breast cancer at age 68. The proband’s identical twin sister

(II-3) carries the same MSH6 variant and was diagnosed

with breast cancer at age 61. This variant is predicted to

have contributed to breast cancer in the proband’s niece

(III-10), who was diagnosed at age 40 (DNA not available

for testing). The proband passed on this variant to a second

unaffected daughter (III-7), who also carried the CDH1

variant but not the CHEK2 variant. A review of this
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Figure 4. Multiple VOUSs identified in
family 033
Family 033 carried a BRIP1 c.2087C>T
variant isolated to a single branch of the
pedigree. This variant is likely pathogenic
and highly penetrant. The family also car-
ried a CHEK2 c.1182G>T variant, which is
also isolated to a separate branch of the
pedigree. This variant is likely benign due
to numerous unaffected carriers in this fam-
ily. Cancer types: Br, breast; Col, colorectal;
En, endometrial; Lng, lung; Mel, mela-
noma; Pro, prostate; Skn, skin; Stm, stom-
ach. If more than one variant was present,
WT (wild-type sequence carrier) was labeled
in the corresponding gene color.
pedigree did not reveal an obvious upstream lineage source

for this MSH6 variant. In fact, the paucity of cancers in

extended family members on both sides of the proband’s

pedigree was surprising, given the known pathogenicity

of the MSH6 variant. This could suggest that the variant

arose de novo or non-paternity. The CDH1 variant was

likely introduced from the married-in spouse of the pro-

band (II-2); however, no extended family history was avail-

able for this individual. The CHEK2 variant was only iden-

tified in individual III-1 of the samples tested (which did

not include her father, II-2). The variant arising de novo is

highly unlikely given its frequency in the human popula-

tion. It is most likely that this variant was also inherited

from the paternal lineage. Most interesting and alarming

was the confirmedMSH6 pathogenic variant found in indi-

vidual III-7. This individual was diagnosed with endome-

triosis and had a hysterectomy at age 44 which would

have significantly reduced her risk of developing endome-

trial and ovarian cancers.59 It is reasonable that this may

have contributed to her being unaffected with cancer at

the time of DNA collection.

A PMS2 missense variant (ENST00000265849.7:c.

86G>C; ENSP00000265849.7:p.Gly29Ala) was identified

in family 014 (Figure 6A). High rates of LS-linked cancers

in this pedigree suggested that this variant could in fact

contribute to LS risk. This variant was predicted by both

SIFT and PolyPhen to be protein damaging. However, con-

flicting interpretations of this variant’s (p.Gly29Ala; MAF:

0.000440) pathogenicity have been reported in ClinVar

(VCV000041721.54): 11 likely benign or benign and 4

VOUS classifications.30 The proband of this family (III-6)

was not a PMS2 variant carrier nor affected by cancer. There

were numerous cases of cancer in this family, with an

abundance of pancreatic cancer. After reviewing the pro-

band’s medical history, we discovered she was taking an

experimental drug due to her risk of pancreatic cancer at

the time of collection. We do not know if this drug influ-

enced the proband’s risk of developing cancer. The pro-

band had 10 siblings: 3 with pancreatic cancer (III-8,

III-9, III-11), 1 with colorectal (III-15), 1 with an unknown

cancer type (III-7), 4 with no history of cancer (III-12, III-

13, III-14), and 2 who died in their first year of life suppos-

edly unrelated to cancer (III-17, III-18). As shown in the
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pedigree, the daughter of the proband (IV-6) was diagnosed

with breast cancer at age 31 and thyroid cancer at age 53.

Of these family members, four carried the PMS2 variant

(III-8, IV-11, III-12, III-15), three affected and one unaf-

fected. An analysis of the extended pedigree revealed a first

cousin of the proband with stomach and an unknown can-

cer at age 60 (III-3), a cousin with breast cancer at age 64

(not shown on pedigree), and a niece with bladder cancer

at age 54 (IV-11). Segregation analysis indicated that this

variant had either moderate penetrance or other variants

were contributing to cancer risk.

Generation of a functional assay for LS variant re-

classification

To address the penetrance of the PMS2 p.Gly29Ala variant,

we developed a functional assay to determine whether this

variant has altered MMR activity in vitro. CRISPR-Cas9

technology was used to generate a PMS2 KO human

HAP1 haploid cell line (Figure 6B). MMR function was

quantified by measuring cell viability after 72 h of 6-TG

treatment; loss of PMS2 activity/MMR function was ex-

pected to increase survival based on previous studies.31

As expected, our PMS2 KO line was significantlymore resis-

tant to 6-TG than the MMR-proficient parental line (WT)

(p < 0.0001), indicating reduced MMR activity in the KO

state (Figure 6C).

Full-length WT human PMS2 and specific variants were

then re-introduced into the KO line using a lentiviral vec-

tor to test for functional MMR rescue. Variants tested

included a well-annotated benign variant (c.59G>A,

p.Arg20Gln), a pathogenic variant (c.2113G>A, p.Glu705

Lys), and the VOUS (c.86G>C, p.Gly29Ala; Figure 6D).

Importantly, our introduced PMS2 constructs were

regulated by an inducible promoter such that we could

regulate when the introduced PMS2 variant was

expressed. As expected, induced WT PMS2 expression

significantly increased 6-TG sensitivity in the PMS2 KO

line (p < 0.0001) and showed that MMR activity could

be rescued (Figure 6D). Induction of the known pathogenic

variant significantly increased cell growth after 6-TG treat-

ment, indicating 6-TG resistance and MMR deficiency

(**p ¼ 0.0015), whereas the benign variant had decreased

cell viability that was not statistically different from the
4



Figure 5. Family identified with multiple
pathogenic VOUS(s) likely explained by LS
Family 084 carried a pathogenic MSH6
variant c.892C>T, a pathogenic CHEK2
c.1229del variant, and a missense CDH1
c.808T>G variant. While the MSH6 variant
was likely transmitted through the pro-
band’s maternal lineage, the CHEK2 and
CDH1 variants were likely transmitted to in-
dividual III-1 from their married-in father. If
more than one variant was identified, WT
was written in the corresponding gene color.
Cancer types: Br, breast; Leu, leukemia; Pro,
prostate; Unk, unknown age.
KO þ WT PMS2 condition (Figure 6D), indicating MMR

proficiency (not significant; p ¼ 0.0825). Our VOUS had

decreased cell growth under 6-TG treatment that was not

statistically different from the KO þ WT PMS2 condition

(not significant; p ¼ 0.8599). These results indicate that

the PMS2 VOUS p.Gly29Ala is MMR proficient and equiv-

alent to WT PMS2.

Finally,we tested in vitroMMRactivity using immortalized

EBV-transformed lymphocyte lines derived from eight indi-

viduals in family 014. We found no statistically significant

difference in cell viability after 6-TG treatment between

VOUS carriers (n¼ 4) andnoncarriers (n¼ 4; not significant;

p ¼ 0.2153) (Figure 6E). These data collectively support a

benign classification for the PMS2 p.Gly29Ala variant.
Discussion

Herein, we present the results of targeted sequencing for po-

tentialhereditary cancer riskvariants inoneof theoldest and

most comprehensive hereditary cancer biobanks. This bio-

bank was founded by Dr. Henry Lynch and was used to

steadily collect and study suspected HBOC families from

1973 to 2019. While this biobank has contributed families

to many of the seminal hereditary cancer studies of its

time,60,61 it has never been systematically sequenced. The ef-

fect of loss-of-function mutations on cancer risk in genes

such as BRCA1/2,MSH2/6, and others are generally well un-

derstood; yet, family-basedbiobanks still offeruniqueoppor-

tunities to better understand VOUSs, modifiers, and multi-

genic variant conditions that may increase cancer risk over

time. Indeed, clinical sequencing identifies far more VOUSs

than known pathogenic variants annually,62 highlighting

the desperate need for understanding these variants.

Through multi-gene targeted sequencing, we identified

several potential hereditary cancer risk variants other

than BRCA1/2 in BRCAX families. Importantly, we

included BRCA1 and BRCA2 in our panel to confirm that

all families were in fact BRCAX, as our biobanked families

have been evaluated by many different research and clin-
Human Genetics and Geno
ical protocols over the course of more

than 40 years such that previous full-

gene BRCA coverage could not be
confirmed across all samples. A summary of ourmost inter-

esting VOUSs, likely pathogenic, and pathogenic variants

can be found in Table 3. Known breast cancer risk variants

and hereditary cancer syndromes resolved eight BRCAX

families with potential resolution of a ninth family by a

BRIP1 VOUS that is likely pathogenic. While a combina-

tion of sequencing data, pedigree analysis, and ClinVar

data helped us to re-classify eight potential VOUSs as likely

benign, several VOUSs remain that may contribute to can-

cer risk. These are enriched for variants in the ATM-CHEK2-

p53 pathway. The ATM-CHEK2-p53 axis is known to be

required in the damage response to DDSBs. In response

to DDSBs, ATM phosphorylates CHEK2, allowing CHEK2

to phosphorylate p53, directly contributing to G1 cell-cy-

cle arrest. Accordingly, this axis is critical to DNA fidelity,

with mutations predisposing individuals to cancer. Other

known hereditary cancer genes also interact with this

pathway, including BRCA1, which CHEK2 can also phos-

phorylate. Of the genes in this pathway, CHEK2 is the

most susceptible to mutations11 and had the largest num-

ber of pathogenic mutations in this study. Breast cancer in

carriers of pathogenic germline CHEK2 mutations often

have clinicopathological characteristics, such as bilateral

breast cancer as seen in family 015 (Figure 2A). CHEK2 vari-

ation has also been associated with an increased risk for

sarcomas and stomach, kidney, prostate,63 and skin64 can-

cers. However, variants in CHEK2 are considered to have

moderate penetrance, increasing risk by 2- to 3-fold.

Recent literature has shown that tumors with low levels

of ATM but normal TP53 and CHEK2 expression are pre-

dicted to be chemo-resistant and, further, that loss of func-

tion of the ATM-CHEK2-p53 cascade is strongly associated

with resistance to anthracycline/mitomycin-containing

chemotherapy in breast cancer.65 This is important,

because individuals who carry these mutations may

require additional or different treatment plans.

The relationship between genotype and phenotype is

further complicated by genetic penetrance. Given the

increasing acquisition of somaticmutations over time in he-

reditary cancer syndromes, penetrance depends on (1)
mics Advances 5, 100306, July 18, 2024 11



Figure 6. Re-classification of a LS VOUS through family history analysis and a functional in vitro assay
(A) Family 014 carried a PMS2 VOUS c.86G>C. The proband is an unaffected carrier. The variant can be seen in unaffected and affected
carriers. Cancer types: Bld, bladder; Br, breast; Col, colorectal; Oth, unknown source; Pan, pancreas; Stm, stomach; Thy, thyroid. WT,
wild-type sequence carrier.
(B) Shown are the PMS2 protein map (top) and the corresponding exon structure (below) including 15 exons and two functional do-
mains (ATPase binding [blue] and MLH1 interaction [orange]). The locations of variants of interest in the model are notated by their
clinical interpretation: benign (green), pathogenic (red), and VOUS (gray). The CRISPR-Cas9 cut site is located in exon 7 (red on the
exon map). The induced CRISPR-Cas9 frameshifting mutation in PMS2 (insA) was confirmed by Sanger sequencing and western blot
analysis.
(C) The HAP1 PMS2 KO line was tested for MMR sensitivity (i.e., 6-TG sensitivity) in vitro alongside the HAP1 PMS2 parental line. We
selected logarithmic doses of 6-TG (0.03, 0.1, 0.3, 1, 3, 10, and 12 mM) and analyzed the IC50 of 6-TG over 72 h as a functional surrogate
for MMR function. Shown are cell viability data (mean 5 SEM) from three independent replicate experiments (N ¼ 3) with triplicate
wells per condition.
(D) Bar graph shows cell viability after MMR selection of PMS2 variant lines. The PMS2 KO þ full-length PMS2 (rescue) cell line is in black,
PMS2 benign line is green, PMS2 VOUS line is gray, and PMS2 pathogenic line is red. Shown are the mean 5 SEM cell viability data from
three independent replicate experiments (N ¼ 3) with triplicate wells per condition. Triplicates were first averaged, averages were normal-
ized to 0 h, normalized to vehicle, and then log transformed to normalize for the shared PMS2 KO line background. **p < 0.01; ns, not
significant.
(E) Shown are the mean5 SEM cell viability data from EBV-transformed lymphocyte lines of this LS family. PMS2VOUS noncarriers and
carriers were analyzed (left). Cell viability data (mean 5 SEM) for each individual line is shown on the right. **p < 0.01.
which somatic mutations occur and (2) age. However, our

study shows that we cannot discount the variable of clinical

intervention in estimates of penetrance. For example, in

family 084 (Figure 5) individual III-7 carried a known path-

ogenic MSH6 variant (c.892C>T, p.Arg298Ter) that likely

contributed to cancer diagnoses in other members of her

family; however, she seems to be unaffected. While this

could be interpreted as reduced penetrance, the average

age of diagnosis for extracolonic cancers in LS is 49.1

years.66 In a study of only MSH6 mutation carriers, overall

cancer risk was increased 22% by age 50 and 73% by age

70.67 At the time of testing, this individual was only 43 years

of age, and she had already had a hysterectomy to treat se-

vere endometriosis. Colorectal and endometrial cancer diag-

noses are most common among LS families.67,68 The fact

that this individual had one of these tissues removed while

she was quite young is predicted to be protective against the

pathogenic MSH6 variant that she carries.

Further, it is possible, and in fact likely, that a portion of

the genetic penetrance in hereditary cancer families can be

explained by additional genetic burden. Indeed, we identi-
12 Human Genetics and Genomics Advances 5, 100306, July 18, 202
fied several potential multi-hit families in this study, sug-

gesting that they may be more common than we appre-

ciate. Again, family 084 provides an excellent example of

two moderate penetrance breast cancer variants—CHEK2

(c.1229del) and the MSH6 (c.892C>T, p.Arg298Ter) LS

variant—that likely synergized to cause an earlier breast

cancer onset in individual III-1 (age 39). In fact, many fam-

ilies in this study presented with earlier diagnoses across

successive generations. While reasonable, the genetic

anticipation hypothesis in LS remains controversial and

is likely confounded by multigenic events (such as in fam-

ily 084) and improved surveillance measures. While up-

dated guidelines recommending conservative gene panel

testing are available to some, only whole genome

sequencing for all will allow us to calculate the prevalence

of multi-hit families, detect non-traditional genotype-

phenotype patterns, and formally test genetic anticipation

in an unbiased way. Even our study design, which targeted

only exons with a 10 basepair flank into introns, was de-

signed to maximize pathogenic or likely pathogenic

variant yield, yet surely missed known pathogenic
4



Table 3. Summary of VOUS and likely pathogenic/pathogenic variants identified in BRCAX families

Gene Variant pathogenicity Family # Diagnoses

ATM VOUS
VOUS

HBOC_065
HBOC_132

Br, Ov, Pan, Lng, Bn, Skn
Ov, Skn

BRCA2 pathogenic HBOC_066 Br, Ov

BRIP1 likely pathogenic HBOC_033 Br, Mel, Col, Stm, En, Pro, Lng, Lym, Skn

CHEK2 pathogenic
pathogenic
pathogenic
pathogenic
pathogenic
pathogenic

HBOC_015
HBOC_044
HBOC_080
HBOC_084
HBOC_089
HBOC_107

Br, Bn, Pro, Skn, Lng, Utr, Cvx, Col, Stm
Br, Leu, Col, Skn
Br
Br
Br, Skn, Unk
Br

MSH6 pathogenic HBOC_084 Br

NF1 VOUS HBOC_133 Br, En, Pan, Lng, Leu

PMS2 VOUS HBOC_014 Br, Stm, Pan, Col, Thy, Bld, Pro, Unk

RINT1 VOUS
VOUS

HBOC_021
HBOC_076

Br, Skn, Lym
Br, Thy

TP53 pathogenic HBOC_018 Br, Pan, Leu, Kid, Other

Bld, bladder; Bn, brain; Br, breast; Col, colorectal; Cvx, cervical; En, endometrial; Kid, kidney; Leu, leukemia; Lng, lung; Lym, lymphoma; Mel, melanoma; Ov,
ovarian; Pan, pancreatic; Pro, prostate; Skn, skin; Stm, stomach; Thy, thyroid; Unk/Other, unknown/other; Utr , uterine.
non-coding variants that have been reported previously in

many of our target genes.69,70Whole genome coverage will

be required to (1) surmount the lack of diversity in control

databases to better understand how variant frequencies

differ across populations, (2) see how different haplotypes

(i.e., combinations of variants), and polygenic risk may

interact to increase disease risk,71,72 and (3) understand

the full genetic contribution of each gene (non-coding

and coding variants) to hereditary cancer risk.

Expanded clinical sequencing must be developed in tan-

dem with high-throughput functional validation of

VOUSs. VOUSs are not clinically actionable, but must be

functionally re-classified to apply deeper clinical value to

sequencing. As a proof of concept in this study, we devel-

oped a mid-throughput assay for functionally validating

theMMR activity of the PMS2VOUS (p.Gly29Ala) identified

in family 014 (Figure 6). Combined pedigree analysis and

functional data all suggest that this variant is benign. The

continued development of multiplexed assays of variant ef-

fects73 are an obvious match for this significant clinical

need. Functional re-classification of variants will require

dedicated partnerships between basic scientists and the clin-

ical genetics community. In addition, protocols will need to

be standardized to establish (1) how large genomics data

will be stored, (2) how often data are re-analyzed for novel

variants and re-classifications, (3) who pays for re-analysis,

(4) exactly which variants are actionable, and (5) how to

handle incidental findings. In addition to these prospective

challenges, there will also be an obligation for clinicians to

offer updated sequencing to individuals that have previ-

ously participated in genetic testing with the risk of proving

previous findings false. As an example, from this study, we

identified a known pathogenic BRCA2 variant (p.Met192-

ValfsTer13) in family 066 (Figure 3). This family was tested

under research protocols in 1999 and 2004 for a limited
Hum
number of specific BRCA1/2 mutations and was found to

be negative. At the time of testing, clinical sequencing for

hereditary cancer risk was limited or not available, and clin-

ical decision-making was often done based on research find-

ings such as these. Genetic counselors are likely to be an

invaluable resource in this near-future scenario to help navi-

gate the interface between the evolving field of clinical ge-

netics and patients.
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